Grouping provides many potential benefits to individuals in terms of foraging and anti-predator protection. However, it has been suggested that individuals could gain additional benefits in terms of indirect fitness by grouping with kin. Surprisingly, the genetic composition of wild fish shoals and the importance of kin-associated shoaling remain poorly understood. The Trinidadian guppy (Poecilia reticulata) has life history traits that might promote kin structure of shoals such as internal fertilisation and small brood size in contrast to many other fish species. Even though previous studies did not find any indication of kin structure in shoals of adult guppies, it is possible that related juveniles remain together in shoals, partly because of lower mobility and because the advantages of kin association may change with age. Using 10 microsatellite markers, we conducted a genetic analysis on 40 shoals from four populations. Pair-wise relatedness was inferred using a modified version of the software package COLONY and permutation tests were conducted to test the hypothesis that kin occur together in juvenile shoals more often than expected by chance. The frequency of sib dyads among juveniles within shoals was significantly larger than that between shoals in two high predation populations but not in two low predation populations. This finding contributes to the understanding of factors underlying shoal composition and highlights the potential of recent methodological advances for detecting such relationships.
Introduction
Group living is ubiquitous across the animal kingdom and the associated fitness benefits have been well explored (Krause and Ruxton, 2002) . These benefits include anti-predation protection and increased foraging efficiency and these behaviours are assumed to play a major role in the social organisation of animals (Pitcher and Parrish, 1993) . Associating with relatives may increase an individual's fitness because kin are likely to be more cooperative when engaging in risky behaviours such as predator inspection (Milinski, 1987; Ward and Hart, 2003) , providing indirect fitness benefits to individuals (Hamilton, 1964) . Previous studies found that individuals are choosy regarding shoal mates during the approach towards a predator and indicated that fish can gain important information during predator inspection behaviour regarding the nutritional state of predators (Dugatkin, 1997; Croft et al., 2006) . These assortative associations are thought to be an important prerequisite for the evolution of cooperative behaviour (Croft et al., 2009) .
Genetic relatedness among individuals in socialgroups is an important factor in understanding kin selection and the evolution of altruism (Hamilton, 1964; Foster et al., 2006) . Association in kin-groups has been well described across a range of taxa from primitive Eukaryotes, both unicellular and multicellular forms (Gilbert et al., 2007) , to birds and mammals (Emlen and Wrege, 1988; Packer et al., 1991) . However, there are few studies of the role of kin association in fish and the relative importance of kin-associated shoaling remains equivocal (Krause et al., 2000; Griffiths and Ward, 2006) .
There is evidence of kin recognition in a number of fish species from studies conducted in laboratory conditions (Arnold, 2000; Hiscock and Brown, 2000; Frommen and Bakker, 2004; Frommen et al., 2007; Hain and Neff, 2007) . Many investigations of kin recognition in fish have focused on juvenile salmonids and have shown that salmonids are able to recognise kin (see Olsén, 1999 for a review). Experiments using released PIT (Passive Integrated Transponders) tagged smolts of laboratory reared salmon, have shown that siblings swim spatially closer together than unrelated fish during their seaward migration, supporting the hypothesis that smolts migrate in kin-structured groups (Olsen et al., 2004) . These studies provide reliable evidence for kin recognition and kin preference both under laboratory and semi-field conditions. However, more generally, difficulties exist in detecting kinship in fish shoals in the wild (see Krause et al., 2000 for a review, Gerlach et al., 2001; Russell et al., 2004; Fraser et al., 2005) because there are a number of methodological issues which complicate the conclusions that can be drawn from them. Early studies (Avise and Shapiro, 1986; Naish et al., 1993; Peuhkuri and Seppa, 1998) may not have used sufficiently informative genetic markers to demonstrate that more kin were found within shoals than expected by chance. Since numerous, highly polymorphic microsatellite loci are now available for many species, the power of markers need not be a limitation in current relatedness studies (Luikart and England, 1999; Blouin, 2003) . However, an additional issue in recent investigations using microsatellites is that kin-associated shoaling may have been confounded with spatial genetic structure within a population (Pouyaud et al., 1999) . Another problem of studying free-ranging shoals is that it is necessary to capture an entire shoal to be able to draw firm statistically testable conclusions regarding its size and composition (Krause et al., 2000) . This has been an issue in several recent studies that either find no kin association (Herbinger et al., 1997) , or do suggest that kin association occurs (Gerlach et al., 2001; Fraser et al., 2005) .
In this study, we used guppies to investigate kin assortment in fish shoals. Guppies (Poecilia reticulata) have become important model organisms in evolutionary biology and behavioural ecology, especially regarding research topics such as sexual selection and group living (Houde, 1997; Magurran, 2005; Breden, 2006) . They have internal fertilisation, give birth to living young, and juveniles from the same brood demonstrate a high tendency to remain together in the laboratory (Magurran and Seghers, 1990) . Adult guppies are known to have a preference to shoal with familiar individuals and this preference develops after a period of 12 days Magurran, 1997, 1999) . However, the potential to confound familiarity with kinship preferences can be reduced when working with fries or juveniles because they have had less time to form familiarity preferences. There is evidence that juvenile guppies prefer to shoal with kin rather than non-kin and with full sibs rather than half sibs in the laboratory (Hain and Neff, 2007; Evans and Kelley, 2008 ) and here we test whether this is also true in the field. Russell et al. (2004) , however, found no significant kin structure in wild adult Trinidadian guppy shoals from two high predation rivers. This study used RELATEDNESS (implementing the algorithm described by Queller and Goodnight (1989) ) to calculate the relatedness coefficient (r) between pairs of fish. Because all estimators of r suffer from large sampling errors (Lynch and Ritland, 1999 see below) except when an extremely large number of polymorphic markers are used, it is possible that biologically significant relatedness within shoals might be present but not detected by Russell et al. (2004) or similar studies.
When the number of possible candidate relationships (such as unrelated, full-sibs and half-sibs with r ¼ 0, 0.5 and 0.25, respectively) is small and these candidate relationships are well differentiated in the extent and /or pattern of relatedness, relationship inference is generally much more powerful than relatedness estimation. This is because r can take any value in a continuous scale from 0 to 1 in relatedness estimation, but can take just a few well separated values in relationship inference. Furthermore, while relatedness estimation uses the genotype data from only two individuals, relationship inference can use genotype information from multiple relatives jointly in a likelihood framework (Wang, 2004) . As a result, the contrast in accuracy between relatedness and relationship inference becomes more evident with an increasing family size. Therefore, rather than estimating and comparing relatedness within and between shoals, it is preferable to infer relationships among all individuals within the sample, using maximum likelihood methods (Wang, 2004) , and then test whether closely related individuals, such as full or half-sibs, are more frequent within than between shoals. Here, we use this approach to test the hypothesis that closely related individuals tend to be found together in juvenile guppy shoals in the wild.
Materials and methods

Shoal sampling
Entire shoals of juvenile guppies were collected using seine nets (the mesh size was 1 Â 1 mm 2 ) from four populations (upper Aripo, lower Aripo, Arouca and Paria) in May and June 2007 (Table 1) . We observed fish from each shoal before capturing them to ensure they were sampled as a complete shoal. All fish of total body length (TL) between 7 and 17 mm were categorised as juveniles and were estimated to be less than 50 days old (Chapman et al., 2008; Ledesma and McRobert, 2008) . For each population, five transects were sampled along the river and the position along the transect where each shoal was caught was recorded. Each transect was 10 m long and, where possible, the transects were adjacent and in the same direction, with no gap between transects. However, due to the presence of small waterfalls and fast currents in some rivers, gaps between transects did exist. Overall, the distance from the start of the first transect to the end of the last ranged from 50 to 100 m. All collected fish were euthanized by an overdose of methanesulfonate (MS-222) and then were preserved in 80% ethanol at ambient temperature for subsequent genetic analysis. Genetic analysis Genomic DNA was extracted from the posterior part of each individual using the ammonium acetate precipitation method (Nicholls et al., 2000) . Microsatellite multiplexing was used in this study because it can significantly reduce the time and expense of genotyping (Neff et al., 2000) . Thirteen loci were chosen on the basis of possessing high heterozygosity and a low expected null allele frequency from the many loci described for guppies: one mixed di-tetranucleotide locus, Pr92, (Becher et al., 2002) , one di-and three tetranucleotide loci, AG4, AATG2, AGAT10, and AGAT11, (Olendorf et al., 2004) , four tetranucleotide loci, Pre8, Pre9, Pre15, and Pre26, (Paterson et al., 2005) , two dinucleotide loci, Pret-27 and Pret-32, (Watanabe et al., 2003) and one dinucleotide locus and one trinucleotide locus from GenBank( AF170707 and AF164205, respectively). The Qiagen multiplex PCR method was used throughout this study (Engel et al., 2003 Following optimisation for all four populations, three loci were dropped due to difficulties when scoring alleles consistently, leaving 10 polymorphic loci displaying 7-36 alleles (Table 2 ). These 10 loci were confirmed as unique within this set by comparing their sequences using NBLAST software (Altschul et al., 1997) . Also, 10 adult males and females, descendants from the Tacarigua population, were tested for each locus to check for the presence of two alleles in both sexes. Genotypes of all individuals were assigned on an ABI 3730 DNA Analyzer using GENEMAPPER software v3.7 (Applied Biosystems). All individuals used for further analysis had at least 7 loci amplified and scored successfully (97.9 % for 10 loci, 1.5 % for 9 loci, 0.3 % for 8 loci and 0.3 % for 7 loci, respectively, see Supplementary information).
Statistical analysis
Data preparation and analysis were carried out using GENALEX (Peakall and Smouse, 2006) , unless otherwise specified. Tests for departure from Hardy-Weinberg equilibrium (HWE; 100 batches and 1000 iterations per batch) for each locus in each population and pairwise tests for linkage disequilibrium (10 000 batches and 10 000 iterations per batch) were calculated in GENEPOP v3.4 (Raymond and Rousset, 1995) and corrected for multiple comparisons (Rice, 1989) . Genetic variation was calculated at two hierarchical levels of population structure. Genetic variation among the four populations was estimated using an analysis of molecular variance (AMOVA) (Michalakis and Excoffier, 1996) . Isolation by distance was tested among shoals within populations (Rousset, 1997 ) using a Mantel test (Mantel, 1967) (cumulative straight-line distance along the river between shoals in each population, implemented in R version 2.5.0; APE package (Paradis et al., 2004) with 1000 permutations). Since all F ST values were below 0.1 (see below), it was not necessary to linearise the divergence measure, using F ST /(1ÀF ST ), and, since the habitat is linear, distance was not log-transformed (Rousset, 1997) . Pairwise relatedness, r (QG) (Queller and Goodnight, 1989) , within and between shoals, was calculated separately for each population using SPAGEDi version 1.2 (Hardy and Vekemans, 2002) . Departure from the null hypothesis of equal relatedness within and between shoals was tested by permuting the relatedness matrix 1000 times using GENSTAT v10 (VSN International) for each population.
Relationships were estimated in two ways. We used ML-Relate (Kalinowski et al., 2006) to estimate the number of full and half-sib pairs within and between shoals in each population. The significance of departures from equal distribution of sib pairs was tested by permutation of the matrix as for relatedness. We also tested the sensitivity to individual microsatellite loci by leaving out one locus at a time and recalculating the relationship matrix. Finally, we inferred relationships using the program COLONY (Wang, 2004) extended to allow for both polyandry and polygyny (Wang and Santure, 2009 ). The program searches for the maximum likelihood partition of a sample of individuals into fulland half-sib clusters. It is more powerful than the pairwise approach because more information on entire families rather than just pairs of individuals is extracted and utilised (Wang, 2007; Wang and Santure, 2009) . Bootstrapping (over individuals) was used to assess whether the average relatedness, calculated from the inferred sibship assignments, or the frequency of sibship was significantly greater within than between shoals, for each population. For this analysis, the typing error rate was set at 0.01 (Blouin, 2003) . 
Genetic relatedness and relationship within and between shoals
When using the r (QG) estimator to calculate relatedness, the mean was close to zero both within and between shoals for each population. Based on the permutation tests for each population, the null hypothesis of equal relatedness within and between shoals (Table 3) was not rejected.
When ML-Relate was used to estimate pairwise relationships, null alleles were specified for those loci listed above for each population before calculating the relationships. All first degree relatives identified by this program were categorised as full sib pairs since parentoffspring pairs could not occur amongst juveniles. Permutation tests were used to evaluate whether the frequency of sib pairs within shoals was greater than expected from random assortment of individuals among shoals, separating full sib and half sib categories. The expectations were exceeded significantly only in the two high-predation populations, lower Aripo and Arouca, and not in the two low predation populations (Table 4) .
To see whether the observed excess of full or half sibs within shoals was sensitive to the loci included, we analysed data sets in ML-Relate leaving out one locus at a time. The proportions of full and half-sib relationships that occurred within shoals were calculated and compared with an expected value based on the overall proportion of within-shoal pairs. In the low-predation populations, the ranges of values included the expected values, or were lower (Paria: expected value ¼ 0.105, half-sibs ¼ 0.100-0.111 and full-sibs ¼ 0.096-0.155; upper Aripo: expected value ¼ 0.083, half-sibs ¼ 0.068-0.081 and full-sibs ¼ 0.082-0.110), whereas in the high predation populations this was not the case for full-sibs ( lower Aripo: expected value ¼ 0.089, half-sibs ¼ 0.080-0.099 and full-sibs ¼ 0.118-0.191; Arouca: expected value ¼ 0.117, half sibs ¼ 0.104-0.141 and full-sibs ¼ 0.240-0.302). Thus our conclusion that closely related pairs of individuals occur more frequently than expected within shoals is not sensitive to the effects of individual loci, at least in the case of full-sibs.
Using the relationships inferred by the COLONY program, we calculated the average relatedness (R) and frequency of sibship (P) within and between shoals, and employed bootstrapping to obtain confidence intervals The proportions of permutations where the number of either half sibs or full sibs within shoals exceeded the observed value (significance level: ***Po0.001, **Po0.01, *Po0.05 and NS non-significant). Kin assortment in juvenile shoals C Piyapong et al on the difference in R and P within and between shoals under the null hypothesis. It was found that both P and R were higher within than between shoals for the lower Aripo and Arouca high-predation populations (observed differences fall outside the 95% confident intervals). There was no significant difference for the upper Aripo and Paria samples which are from low-predation populations (Table 5 ).
Discussion
We have found evidence to support the idea that there is kin structure in juvenile guppy shoals from highpredation populations but not low-predation ones. This pattern is unaffected by spatial genetic structure among shoals which was very low within our study sites. Our AMOVA results (pairwise F ST : Paria VS Arouca ¼ 0.281, Paria VS upper Aripo ¼ 0.385 and Paria VS lower Aripo ¼ 0.317) support the conclusion from a previous study on mtDNA that guppies from Paria, located in the Northern drainage, are more differentiated than the other three populations which are located in the Caroni drainage (Fajen and Breden, 1992) . Guppies from the same tributary, upper Aripo and lower Aripo, exhibited little genetic differentiation (F ST ¼ 0.082). This similarity may be due to high natural gene flow between these two populations but it could also have been influenced by transplantation of guppies from the lower Aripo to upper Aripo in 1976 (Endler, 1980) . This introduction of guppies has affected not only gene flow, but also morphology, especially male colour pattern (Endler, 1980) . We found evidence of low genetic differentiation among shoals within each of three populations but no evidence for isolation by distance. Differentiation is expected if there is kin assortment and the lack of spatial pattern suggests that this is a likely explanation for the weak structure observed.
Our study reveals that juvenile guppies in the wild tend to be found in shoals with related individuals in high-predation sites but not low-predation sites. This is the case even though the overall frequency of sibs in our samples was similar across high and low predation populations, both between and within shoals. This finding is likely to exclude the possibility that the observed pattern was due to predation on individuals that move between shoals. Our result is consistent with a previous study which found that female guppies from a high-predation population showed high site fidelity (Croft et al., 2003) . This behaviour may cause them to give birth to offspring from the same brood in the same place. Also, our finding fits with an earlier study which detected no kin structure in adult guppies from a low-predation population (Hain and Neff, 2007) . However, our results contradict Russell et al.'s (2004) observation of no kin structure among shoals in two populations from high-predation regimes. This discrepancy may be explained by the fact that we investigated juveniles (instead of adults) and/or it could be due to methodological differences. These methodological issues, combined with different methods of data analysis, could mean that the level of kin assortment that we observed in juvenile guppies has been missed in previous studies and may also exist in adult guppies in high-predation rivers. This topic should be revisited in future studies and more sites need to be analysed in order to test the relationship between predation level and kin assortment more thoroughly. Also, it might be more powerful to compare pairs of populations from the same tributary like we did with the lower Aripo and upper Aripo. Our finding from these two populations implies that both geographical variation and predation level may influence the expression of kinship assortment in guppies.
Low predation populations of Trinidadian guppies tend to have smaller brood sizes than high predation populations (reviewed in Magurran, 2005) . Juveniles from both populations may tend to stay together with their brood after birth, perhaps until they become mature, but some broods will fuse to form larger shoals and shoals are likely to divide and exchange individuals, diluting the initial pattern of kin-relationships. If similar numbers of individuals per brood from both lowpredation and high-predation populations leave the shoal but remain in the population, they would have a greater effect on our analysis for the low predation population than high predation population, because they represent a higher proportion of the sibship. However, we have shown that there were larger numbers of siblings among the shoals for low predation populations than for high-predation populations (Table 6 ), contrary to expectation. Indeed, total sibships were larger for low predation populations in our data but this could be Average relatedness and average frequency of sib dyads within and between shoals for each population were calculated from sibship assignments, and the differences within and between shoals were tested by bootstrapping (significance level: *Po0.05 and NS non-significant).
Kin assortment in juvenile shoals C Piyapong et al because we sampled a higher proportion of the total population in these sites. Another possibility is that juvenile guppies from high predation populations may not survive to find another shoal because a previous study found that they suffered higher mortality rates than adults in these populations (Reznick et al., 1996) . Comparing the different analytic methods to quantify kinship in guppies, our empirical study confirmed that the maximum likelihood approach to relationship inference has greater power to detect kinship than the relatedness approach. Relatedness quantifies the extent that two individuals are genetically related due to the sharing of common ancestors. In an outbred population, its legitimate value lies in the range between 0 (unrelated dyads) and 1 (monozygotic twins), but its estimated value frequently lies well outside of this range except when it is forced into the range by truncation (as in the likelihood methods) or when extremely informative markers are utilised. No matter which relatedness estimator is used, therefore, the estimates are quite noisy and the estimation errors are expected to be high with just 10 microsatellites (Blouin, 2003) . Any difference in average relatedness within and between shoals is thus easily blurred by the high sampling variance in relatedness estimates. By comparison, relationships are more reliably inferred, especially when the number of candidate relationships is small and these candidates are well differentiated (Blouin, 2003) . In an attempt to understand the nature of the kin-groups, we counted the number of sets of individuals connected by at least a half-sib relationship (as inferred by ML-Relate) and the number of individuals in each set, within each shoal. The lower Aripo and Arouca populations contained an average number of groups of relatives ( ± s.e.) of 1.73 ± 0.33 and 1.44±0.18, respectively, each one of which contained an average of 3.56 ± 0.36 and 7.17 ± 1.54 fish and the average percentages of fish in related groups were 40±6 and 62 ± 7%.
The COLONY software operates differently (Wang, 2004; Wang and Santure, 2009) : by attempting to reconstruct the pedigree of sampled individuals, it defines groups of sibs sharing either one or both parents. This analysis gives a superficially different view of the pattern of relationships (Table 6) suggesting that the average size of groups of sibs in our samples is around 4-8 fish in total, with 10-20% of sibs occurring within shoals. However, the inferred groups of half-sibs can be interrelated. For example, individual B may be a paternal half-sib of individual A and maternal half-sib of individual C. Although A and C are unrelated genetically because they do not share any parent, they are connected through the parents of B. If overlapping sets of half-sibs, connected by different parents, are considered, networks of related individuals similar in size to those detected by ML-Relate can be detected. Maternal halfsibships are more likely to be important than paternal half-sibships, if the kinship structure is driven by broodmembers tending to stay together, but we are not able to separate these relationships with our data.
Free-ranging animal groups are frequently assorted by a range of phenotypic characters. For example, it is well known that individuals may make active decisions to join groups based on a number of characteristics of groups including species composition, body size, colour, sex, familiarity, parasite load and kinship (Krause and Ruxton, 2002) . Female guppies actively prefer to associate with others of a similar size and those with which they have previously associated (Croft, 2003) . Shoaling with kin in this context is likely to increase survival rate when facing high predation pressure because of the opportunity for sharing risks in a more cooperative way, for instance during predator inspection behaviour (Dugatkin, 1997) . Pairs of fish that frequently engaged in predator inspection exchanged the front position more frequently which is likely to reduce the costs associated with this risky inspection behaviour (Croft et al., 2006) . Wild female guppies showed a preference for particular partners within a highly interconnected social network of interactions, suggesting that co-operation networks might exist in free-ranging population of guppies (Croft et al., 2004 (Croft et al., , 2006 . Recent work showed that there are assortative interactions on the basis of co-operative tendencies in social networks of guppies in the wild (Croft et al., 2009) . However, the extent to which kinship plays a role in the formation of such networks is unknown partly because shoaling with kin could also be a by-product of phenotypic assortment. While our data show kin structure among shoals of juvenile guppies in some sites, we cannot, at present, distinguish between effects due to persistence of initial brood associations, active choice based on phenotype or active choice based on kin-recognition. Another intriguing question is whether the benefits of associating with kin change throughout ontogeny and whether the discrepancy between our work and Russell et al.'s (2004) study is due to the fact that kin-associations are more strongly selected for in juveniles.
The social organisation of animal groups is of great importance, influencing: choice of a sexual partner, development and maintenance of co-operative relationships, opportunities for social learning, and foraging and anti-predator behaviour. Our findings on kin assortment in guppies contribute to the understanding of the factors underlying shoal composition and highlight the potential of recent methodological advances in detecting such relationships. Kin assortment in juvenile shoals C Piyapong et al
